NIST  ATP  Project  Successfully  Completed 


GEAR  MEASUREMENT  SYSTEM 
DEVELOPED  UNDER  NIST  ADVANCED 
TECHNOLOGY  PROGRAM 


out  of  the  252  proposal  s  recei  ved  by  N I  ST  i  n  the  93-01  AT  P  competi  - 
tion.  The  project  was  successful  ly  completed  by  M  &M  and  the  Penn 
State  Dri  vetrai  n  Center  i  n  J  une  of  1997.  The  enhanced-accuracy 
technologies  da/eloped  by  this  project  will  help  DoD  gear  suppliers 
meetthehigh-accuracy  standards  required  of  their  projects.  Such 
enhanced  measurement  accuracies  also  will  permit  improved  noise 
and  vibration  predictions  and  reductionsfor  DoD  weapon  systems  to 
be  implemented  by  ARL  MANTECH  gear  metrology  and  performance 
prediction-related  projects. 

The  goal  of  this  project  was  to  develop  a  gear  measurement 
system  capabl e  of  a  factor  of  fi  ve  i  improvement  over  the  measure¬ 
ment  accuracies  available  in  gear  metrology  equipment  in  1993.  A 
two-pronged  approach  was  used  to  meet  this  goal :  (1)  M  &M 
designed  and  built  the  QC  9000  gear  measurement  machine 
incorporating  many  new  mechanical  and  control  features  not 
availableon  1993  vintage  gear  measurement  equipment,  and  (2) 
the  ARL  Penn  State  Drivetrain  Center,  together  with  M&M,  developed  measurement 
technol  ogi  es  and  computer  software  to  provi  de  error  correcti  ons  for  the  consi  stent 
components  of  the  measurement  errors  of  the  M&M  QC  9000  machine.  Such  consistent 
measurement  errors  arise  from  various  geometric  and  kinematic  imperfections  in  the 
measurement  machine  and  its  scales. 


Accuraciesin  precision  manufacturing  are  undergoing  continuous  improvement;  in 
particular,  this  istruefor  gear  manufacturing  accuracies.  Dedicated  gear  measurement 
systems  are  manufactured  to  verify  gear  manufacturing  accuracies.  The  "Gage  Maker's 
Rule"  specifies  that  measurement  accuracy  should  be  at  least  a  factor  of  ten  better 
than  the  accuracy  of  the  part  being  measured;  alternatively,  the  "Minimum  Ratio"  rule 
specifies  that  measurement  accuracy  should  be  at  least  a  factor  of  four  better  than  the 
accuracy  of  the  part  bei  ng  measured. 

I  n  order  to  mai  ntai  n  these  accuracy  rati  os,  M  &M  Preci  si  on  Systems 
Corporation  of  Dayton,  Ohio,  with  the  ARL  Penn  State  Drivetrain  Center  as  principal 
subcontractor,  proposed  to  the  National  Institute  of  Standards  and  Technology  (NIST) 
Advanced  Technology  Prog-am  (ATP)  a  project  to  develop  an  enhanced-accuracy  gear 
measurement  system.  M&M's  proposal,  "Advanced  Gear  MeasurementTechnologiesto 

Achieve  Submicron  Level  Accuracies,"  was  one  of  29  funded  projects 
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Challenging  the  2 1st  Century 

I  am  pleased  to  introduce  you  to  the  inaugural  issue  of  the  Manufacturing  Science  and 
Advanced  Materials  Processing  Institute  (MS&AMPI)  newsletter.  This  newsletter  will 
be  pu  bl  i  shed  quarterl  y  to  keep  you  i  nformed  of  progress  bei  ng  made  i  n  materi  al  s  and 
manufacturing  technology  in  support  of  U.S.  Navy  and 
M  ari  ne  Corps  weapons  systems  pi atforms  as  wel  I  as 
shipyard  and  depot  requirements.  We  will  also  use  this 
newsl etter  to  i  ntroduce  you  to  the  uni que  capabi  I  i ti es  resi dent 
at  Penn  State's  Applied  Research  Laboratory— one  of  four 
U.S.  Navy  academic  research  laboratories  in  the  country. 

For  those  of  you  who  are  not  fami  I  iar  with 
MS&AMPI,  wearea  Department  of  the  Navy  Manufacturing 
Technology  (Navy  MANTECH)  Center  of  Excellence  located 
on  theUniversity  Park  campus  of  Penn  State.  MS&AMPI 
was  established  in  February  1995  by  ARL  Penn  State.  This  action  was  taken  at  the 
requestof  the  Office  of  Naval  Research's  manufacturingtechnology  director.  The 
I  nstitute  provides  the  Navy  with  a  si  ngle  poi  nt  of  contact  to  coord i  nate  the  numerous 
manufacturingtechnology  programsongoing  within  ARL.  The  technical  thrust  areas 
currently  managed  by  the  Institute  include:  mechanical  drive  transmission  technolo¬ 
gies,  materials  sci  ence  technologies,  and  high-energy  processing  technologies. 
Additionally,  a  repair  technology  effort  for  the  Navy  is  also  resident.  This  program  is 
known  as  Life-Cycle  In-Service  Repair  Networking  Coordinator,  or  LINC.  Within  the 
thrust  areas  noted,  attention  is  focused  on  materials  processing  and  manufacturing, 
inspection  and  testing,  quality  assurance,  and  condition -based  maintenance. 

The  technology  resources  within  the  I  nstitute  provide  access  to  unique 
capabi  I  i  ti  es  such  as  spray  metal  formi  ng,  I  aser  processi  ng  of  materi  al  s,  col  d  gas 
dynamic  spraying,  electron  beam  -  physical  vapor  deposition,  and  ausform  finishing 
of  precision  gears. 

We  are  tasked  to  address  the  materials  and  manufacturingtechnology 
requi  rements  of  the  Navy  and  Marine  Corps  systems  commands  whi  I e  quickly  and 
efficiently  transitioning  our  projects  into  the  government  acquisition  and  support 
infrastructure  along  with  the  defense  industrial  base.  Our  ultimate  goal  is  to  aid  the 
Department  of  the  Navy  and  the  Department  of  Defense  in  fielding  reliable,  state-of- 
the-art,  and  cost-effecti  ve  weapons  systems  that  wi  1 1  mai  ntai  n  our  country's  competi  - 
tive  edge  far  into  the  21st  century. 

If  you  have  any  questions  or  ideas  on  how  this  newsletter  can  best  serve 
you,  please  cal  I  me  at  (814)  865-6345  or  e-mai  I  meat:  hew2@psu.edu 
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FEATURE  ARTICLE 


Focus  on  Mechanical  Drive  Transmission  Technologies 

Characterization  and 
Measurement  of  Heat- 
Treatment  Distortion  of  Gears* 

by  William  D.  Mark,  Wade  H.  Reeser,  and  Robert  L.  Homan 


I  n  order  to  obtai  n  the  desi  red  hardness 
and  strength  properties  of  gear  teeth, 
gears  designed  for  relatively  large  load¬ 
carrying  capacities  are  heat  treated  after 
the  teeth  have  been  cut.  If  maxi  mum 
precision  is  not  required,  no  finishing 
operation  is  carried  out  after  heat 
treatment.  During  the  heating  and 
cool  i  ng  cycl  es  of  the  heat-treatment 
operation,  both  volumetric  and  shape 
distortions  can  occur  that  are  caused  by 
thermal  gradients  within  the  part, 
changes  in  metallurgical  structure, 
material  inhomogeneities,  etc.  The 
resulting  dimensional  changes  areof 
sufficient  magnitudeto  seriously  affect 
the  performance  of  gears. 

In  a  recent  project,  the  Penn 
State  Drivetrain  Center  was  asked  to 
measure  the  heat-treatment  d  i  storti  on  of 
two  cl  asses  of  hel  i  cal  gears  f  i  n  i  shed 
(before  heat  treatment)  by  two  different 
fi  ni  sh  i  ng  processes.  Si  nee  heat-treatment 
distortion  is  i  mportant  because  it  affects 
the  performance  of  gears,  we  chose 
numerical  metrics  of  distortion  that  are 
directly  relevant  to  gear  performance,  but 
that  also  can  be  understood  in  their  own 
right  without  regard  to  gear  performance. 
A  discussion  of  these  numerical  metrics 
of  heat-treatment  d  i  storti  on  fol  I  ows, 
together  with  a  brief  description  of  how 
they  are  measured  and  computed,  and  a 
discussion  of  some  of  the  results  ob¬ 
tai  ned  for  one  of  the  cl  asses  of  hel  i  cal 
gears  that  was  fi  n  i  shed  (before  heat 
treatment)  by  shaving. 


Statistical  Characterization 
of  Heat-Treatment 
Distortion  of  Gears 

In  principle,  as  a  pair  of  meshing  gears 
operates  under  full  loading,  every  point 
on  the  loaded  flank  of  every  tooth  comes 
i  nto  contact  with  a  tooth  of  the  mati  ng 
gear.  Thus,  a  complete  description  of 
heat-treatment  di  storti  on  requ  i  res  that  we 
describe  the  distortion  of  the  teeth  for  all 
locations  on  the  running  surfaces  of  the 
teeth;  i.e.,  as  a  function  of  axial  location 
and  roll  angle  over  the  full  tooth  flank. 
Moreover,  we  should  not  assume  a  priori 
that  the  distortion  of  every  tooth  on  a 
gear  is  the  same.  Thus,  unless  the 
distortion  of  every  tooth  is  presented,  a 
statistical  characterization  of  the  tooth 
d  i  storti  ons  i  s  requ  i  red . 

The  noise  generated  by 
gears  i  s  one  of  the  pri  nci  pal  moti  vati  ng 
factors  for  studyi  ng  thei  r  heat-treatment 
distortion.  The  transmission  error  of  a 


meshing  gear  pair  describes  the  noise 
generati  ng  property  of  the  gear  pai  r. 
Ordinarily,  the  tooth-meshing  fundamen¬ 
tal  frequency  and  i  ts  h  i  gher-order 
harmoni  cs  are  the  most  i  mportant 
harmonic  components  of  the  transmis¬ 
sion  error.  It  has  been  shown1'2  that  the 
contri  buti on  from  the  geometri c  devi  a- 
ti  ons  of  the  teeth  on  a  gear  to  the  tooth- 
mesh  i  ng  set  of  harmon  i  cs  of  the  transmi  s- 
sion  error  is  caused  by  the  average 
deviation  surface  of  the  runni  ng  surfaces 
of  that  gear,  where  this  average  devi ati on 
surface  i s  computed  by  formi  ng  the 
arithmetic  average  of  the  deviations  from 
perfect  i  nvol  ute  surfaces  of  al  I  of  the 
teeth  on  the  gear.  This  average  devi  ati  on 
surface  is  a  function  of  axial  location  and 
roll  angle.  The  heat-treatment  contri  bu¬ 
ti  on  to  thi  s  average  devi  ati  on  surface  i  s 
the  su  rface  that  wou  I  d  be  computed  by 
formi  ng  the  ari  th  meti  c  average  over  al  I 
teeth  on  the  gear  of  the  heat-treatment 
di  storti  ons  of  the  rel  evant  f  I  an  k  (ri  ght  or 
I  eft  fl  ank)  of  the  teeth  on  that  gear.  This 
surface  is  the  average  heat-treatment 
distortion  surface. 

I  n  the  noi  se  and  transmi  s- 
si  on  error  spectra  of  mesh  i  ng  gear  pai  rs, 
one  often  observes  a  total  noise  and 
transmission  error  contribution  from  the 
so-called  sidebands  around  the  tooth¬ 
meshing  harmonics  that  is  comparable  to, 
or  someti  mes  I  arger  than ,  the  contri  bu¬ 
tton  from  the  tooth-meshing  harmonics. 
These  so-cal  I  ed  si  debands  are  rotati  onal 
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Metrology  and  Performance  Prediction  thrust  of  the  Drivetrain  Center.  Dr. 
Mark  is  a  graduate  of  the  Massachusetts  Institute  of  Technology  with  M.S. 
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Newman,  Inc.  Dr.  Mark  also  served  as  an  officer  and  physicist  for  the  U.S. 
Air  Force  Cambridge  Research  Laboratories. 

Dr.  Mark  is  responsible  for  developing  fundamental  theory  and 
software  for  predicting  the  transmission  error  of  meshing  parallel-axis  and 
bevel  gear  pairs,  and  for  developing  methods  for  carrying  out  structural 
dynamics  calculations.  He  also  has  developed  fundamental  definitions  and 
interrelationships  for  the  power  spectra  of  nonstationary  random  processes, 
the  Wigner-Ville  distribution,  and  intensity  modulated  random  processes. 
Dr.  Mark  can  be  reached  by  calling  (814)  865-3922. 
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harmonics  from  each  of  the  two  indi¬ 
vidual  meshing  gears.  Their  contribution 
to  the  transmission  error  and  noise  (for 
constant  loading  and  rotation  speed)  is 
caused  by  tooth-to-tooth  variations  in  the 
geometri  c  devi  ati  ons  of  the  i  nd  i  vi  d  ual 
teeth  from  the  average  devi  ati  on  su  rface 
of  each  of  the  two  meshing  gears.1'2  The 
heat-treatment  distortion  contribution  to 
these  geometri  c  devi  ati  ons  of  the  tooth 
running  surfaces  arises  from  the  devi a- 
ti  on  of  the  heat-treatment  d  i  storti  on  of 
the  running  surface  of  each  individual 
tooth  from  the  above-descri  bed  average 
heat-treatment  distortion  surface.  The 
best  si  ngl  e  metri  c  of  these  tooth-to-tooth 
devi  ati  ons  that  can  be  understood  in  its 
own  right,  and  that  relates  to  the  trans¬ 
mission  error  and  noise  contributions 
from  the  "total  energy"  in  the  so-called 
si  debands  of  the  transmi  ssi  on  error  and 
noise  spectra,  is  the  variance  surface  of 
heat-treatment  distortions  computed  as 
an  average,  over  al  I  teeth  on  a  gear,  of  the 
squares  of  the  devi  ati  ons  of  the  heat- 
treatment  distortions  of  individual  tooth 
runn  i  ng  surfaces  from  the  above- 
descri  bed  average  surface  of  heat- 
treatment  distortions.  This  variance 
surface  is  a  function  of  axial  location  and 
roll  angle.  The  square-root  of  this 
variance  surface  is  the  standard-devia¬ 
tion  surface  of  heat-treatment  distortions, 
wh  i  ch  i  s  representati  ve  of  the  typical 
tooth-to-tooth  variabi  I  ity  of  the  heat- 
treatment  distortions  of  the  individual 
tooth  running  surfaces,  and  thereforeis 
easier  to  interpret  than  the  variance  surface. 

The  above  discussion  has 
focused  on  descri  bi  ng  properti  es  of  the 
heat-treatment  di  storti  on  of  a  si  ngl  e  gear. 
However,  these  same  properties  also  are 
appl  i cable  as  descriptions  of  the  heat- 
treatment  d  i  storti  on  of  an  enti  re  col  I  ec- 
tion  or  class  of  nominally  I  ike  gears.  In 
addition,  however,  we  need  to  be 
concerned  with  thegear-to  gear  variabil¬ 
ity,  within  thisclass,  of  the  various 
metri  cs  of  h  eat-treatment  d  i  storti  on . 

We  have  descri  bed  above 
the  rel  evance  of  two  parti  cul  ar  metri  cs  of 
heat-treatment  distortion,  namely,  the 


average  heat-treatment  d  i  storti  on  su  rface 
and  the  variance  surface  of  heat-treat¬ 
ment  distortions,  both  of  which  can  be 
rel  ated  to  properti  es  of  gear  transmi  ssi  on 
error  and  noise  spectra.  If  we  wish  to 
obtain  an  understanding  of  thegear-to- 
gear  variability  of  the  contribution  of 
heat-treatment  distortion  to  the  tooth¬ 
meshing  harmonics  of  the  transmi  ssi  on 
error  and  noise,  then  we  need  to  compute 
the  gear-to-gear  vari  abi  I  i  ty  of  the  average 
heat-treatment  distortion  surface  ob¬ 
tained  from  each  individual  gear  within 
the  cl  ass  of  nominally  I  ike  gears.  The 
standard  deviation  of  these  average  heat- 
treatment  distortion  surfaces  is  a  readily 
understandable  metric  of  this  gear-to-gear 
variability,  which  is  representative  of  the 
typical  gear-to-gear  variabi  I  ity  of  the 
average  heat-treatment  d  i  storti  on 
surfaces.  This  latter  standard  deviation 
su  rface  al  so  i  s  a  f  u  n  cti  on  of  ax  i  al  I  ocati  on 
and  roll  angle.  It  relates,  directly,  to  the 
gear-to-gear  vari  abi  I  i  ty  of  the  contri  buti  on 
of  heat-treatment  distortion  to  the  tooth¬ 
meshing  harmonics  of  gear  transmission 
error  and  noise  spectra. 

Furthermore,  if  we  wish  to 
obtain  an  understanding  of  the  gear-to- 
gear  variability  of  the  contri  buti  on  of 
heat-treatment  distortion  to  the  "total 
energy"  in  the  rotational  or  so-called 
sideband  harmonics  of  the  transmi  ssi  on 


Computed  Heat-Treatment  Distortion  Metrics 

Class-average  distortion  surface  (Figure  2) 

Standard-deviation  distortion  surface  of  tooth-to- 
tooth  variability  of  class  (Figure  3) 

Confidence  limit  surface  of  class-average 
distortion  surface  (Figure  4) 


Computed  Heat-Treatment  Distortion  Metrics 

Standard  deviation  of  average  distortion 
surface  of  gears  (Figure  5) 

Gear-to-gear  variability  of  tooth-to-tooth 
variability  within  individual  gears  (Figure  6) 


error  and  noise,  then  we  need  to  compute 
the  gear-to-gear  variability  of  the  variance 
surfaces  of  heat-treatment  distortion 
computed  from  the  individual  gears  in 
the  cl  ass  of  nomi  nal  I  y  I  i  ke  gears.  That  i  s, 
we  need  to  obtain  the  variance  surface 
computed  as  the  variance  of  the  indi¬ 
vidual  variance  surfaces  that  were 
computed  from  the  individual  gears  in 
the  cl  ass.  A  transformation  has  been  used 
to  reduce  this  quantity  to  a  numerical 
metri  c  that  i  s  representati  ve  of  the  typical 
gear-to-gear  variability  of  the  tooth-to-tooth 
variability  of  the  heat-treatment  distortion 
surfaces  within  the  individual  gears  in  the 
cl  ass  of  nomi  nal  I  y  I  i  ke  gears. 

If  the  average  heat-treat¬ 
ment  distortion  surface,  computed  from 
al  I  teeth  of  al  I  gears  i  n  the  cl  ass,  i  s  known 
with  confidence,  it  is  possible,  in 
principle,  to  compensate  for  that  distor¬ 
tion  in  the  cutti  ng  and  finishing  process 
of  the  teeth  before  heat  treatment.  The 
desired  tooth  surface  compensation  is, 
si  mpl  y,  the  average  tooth  d  i  storti  on 
surface  applied  with  opposite  sign  (plus 
becomes  mi nus  and  minus  becomes 
plus).  Thus,  it  isof  interestto  know  the 
statistical  confidence  of  the  measurement 
and  computation  of  the  average  heat- 
treatment  distortion  surface.  This 
statistical  confidence  surface  is  the  fifth 
and  last  metric  of  heat-treatment  distor- 


Class-average  tooth-meshing  harmonic  strengths 

Class-average  rotational  (sideband) 
harmonic  strengths 

Statistical  confidence  of  class-average  distortion 
for  tooth  modifications  to  reduce  tooth-meshing 
harmonic  strengths 


Relevance  to  Transmission  Error  and  Noise  Spectra 

Gear-to-gear  variability  of  strengths  of 
tooth-meshing  harmonics 

Gear-to-gear  variability  of  strengths  of 
rotational  (sideband)  harmonics 


Table  I.  Summary  of  Computed  Heat-Treatment  Distortion  Metrics  and  Relevance  to  Transmission  Error 
and  Noise  Spectra. 

Metrics  Relevant  to  Class-Average  Harmonics  ofTransmission  Error  and  Noise  Spectra 

Relevance  to  Transmission  Error  and  Noise  Spectra 


Metrics  Relevant  to  Geai^to-Gear Variability  ofTransmission  Error  and  Noise  Spectra 
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tion  to  be  described  herein.  Theabove- 
descri  bed  fi  ve  metri  cs  of  the  heat- 
treatment  distortion  of  gear  teeth, 
together  with  their  relationships  to  gear 
transmission  error  and  noise  spectra,  are 
summarized  in  Table  1. 

If  gear  noise  and  vibration 
are  the  major  concerns,  it  is  entirely 
possible  and  practical  to  carry  the 
analysis  further  by  computing  the  actual 
contri  buti on  to  the  tooth-meshi  ng 
harmoni  cs  of  the  transmi  ssi  on  error 
caused  by  the  average  heat-treatment 
distortion  surface,  and  the  contri  buti  on  to 
the  rotational  or  so-called  sideband 
harmoni  cs  of  the  transmi  ssi  on  error 
caused  by  thetooth-to-tooth  variability  in 
heat-treatment  distortion.  A  reasonably 
complete  characterization  then  would  be 
obtai  ned  by  computi  ng  the  mean  val  ue 
and  standard  deviation  of  each  of  these 
harmonic  line  components  of  the 
transmission  error,  which  would  be 
obtained  from  an  analysis  and  computa- 
ti  on  of  the  heat-treatment  d  i  storti  ons  of 
all  of  the  nominally  I  ike  gears  in  the 
cl  ass.  A  n  i  1 1  ustrati  on  of  the  transmi  ssi  on- 
error  spectrum  computed  from  measure¬ 
ments  of  manufacturi  ng  errors  on  gear 
teeth  may  be  found  in  references  3  and  4. 

Measurement  and 
Computation  of 
Distortion  Properties 

We  describe  below  the  basic  ideas  behind 
the  method  we  have  used  to  measure  and 
compute  the  above-descri  bed  stati  sti  cal 
metri  cs  of  h  eat-treatment  d  i  storti  on .  Our 
approach  was  to  obtai  n  the  d  i  storti  ons  of 
both  full  flanks  of  every  tooth  (right  and 
I  eft  flanks).  An  M&M  QC  3012  gear 
analyzer,  located  at  the  Penn  State 
Drivetrain  Center,  was  used  in  making 
the  measurements. 

The  M&M  machine  is 
capabl  e  of  performi  ng  scann  i  ng  profi  I  e 
measurements  (at  constant  axial  loca¬ 
tions),  scanning  lead  measurements  (at 
constant  radii  or  roll  angles),  and  point 
tooth-spaci  ng  or  i  ndex  measurements.  I  n 
order  to  obtain  a  representation  of  an 
entire  tooth  flank,  a  number  of  scanning 
profi  I e  and/or  lead  measurements  made 
on  th  at  f  I  an  k  at  d  i  fferent  I  ocati  ons  cl  earl  y 


is  required.  One  can  then  interpolate 
between  these  measurements  to  obtai  n  a 
representati on  of  all  poi nts  on  the  enti re 
tooth  flank. 

It  was  anticipated  that  the 
I  east-smooth  h  eat-treatment  d  i  storti  ons 
would  occur  near  the  ends  of  the  teeth, 
with  thecenter  portions  of  the  teeth 
exhibiting  smoother  behavior.  This 
thought  suggests  that  the  most  effi  ci  ent 
sampling  scheme  would  be  one  that 
requires  more  dense  samples  near  the 
ends  of  the  teeth,  and  less  dense  samples 
near  the  center  porti  ons  of  the  teeth.  It  i  s 
known  that  if  samples  are  taken  at  the 
I  ocati  ons  of  the  zeros  of  Legend  re 
polynomials  (after  normalization  to  the 
interval  under  consideration),  then 
polynomial  interpolation  through  these 
sample  poi  nts  is  well  behaved  (i.e., 
smooth)  with  the  additional  property 
that,  i  n  the  I  i  miti  ng  case  of  taki  ng  very 
many  samples,  the  interpolation  con¬ 
verges  (under  very  general  conditions5)  to 
the  surface  (i.e.,  function)  being  sampled. 
Moreover,  the  zeros  of  Legendre  poly  no- 
mi  al  s  have  the  desi  rabl  e  property  of 
being  more  closely  spaced  near  the  ends 
of  the  sampl  i  ng  i  nterval  than  i  n  the 
middleof  the  interval.  Therefore,  itwas 
decided  that  11  scanning  profile  mea¬ 
surements  made  on  every  tooth  flank  at 
the  I  ocati  ons  of  the  zeros  of  an  el  eventh- 
degree  Legendre  polynomial  should  be 
sufficient  to  represent,  by  polynomial 
interpolation  in  an  axial  direction 
between  these  measurements,  the  heat- 
treatment  distortion  of  all  poi  nts  on  each 
of  the  tooth  flanks.  If  no  a  priori  assump- 
ti  ons  are  made  pertai  ni  ng  to  the  behavi  or 
of  the  function  being  represented,  it  is 
known6  that  choice  of  the  sample  poi  nts 
at  the  zeros  of  Legendre  polynomials  is 
optimum  in  the  least-squares  error  sense 
for  polynomial  interpolation.  Itisof 
i  nterest  to  poi  nt  out  that  the  spaci  ng 
between  the  two  zeros  of  an  eleventh- 
degree  Legendre  polynomial  nearest  to 
each  end  of  the  sampl  i  ng  i  nterval  i  s  smal  I  er 
than  the  spaci  ng  of  22  equ  i  spaced  sampl  es 
over  the  same  i  nterval .  H  ence,  by  usi  ng 
the  Legendre  zero  sampl  i  ng  method,  we 
cou  I  d  anti  ci  pate  comparabl  e  accu  racy  to 
that  which  would  be  achieved  by  using 


twice  the  number  of  equispaced  profi  I e 
scanning  measurements!  Figure  1  shows 
the  result  obtai  ned  by  polynomial 
interpolation  through  11  such  profile 
scanning  measurements  made  at  the 
I  ocati  ons  of  the  zeros  of  an  el  eventh- 
degree  Legendre  polynomial  on  the  left 
flank  of  a  helical  pinion  tooth  finished  by 
shavi  ng. 

The  method  of  computing 
the  heat-treatment  distortion  of  the  teeth 
is  conceptually  simple.  Measure  each 
flank  of  every  tooth  both  before  and  after 
heat  treatment  at  "exactl y"  the  same 
I  ocati  ons  on  the  tooth  fl  anks  usi  ng  the  11 
scanning  profile  measurements  on  each 
tooth  fl  ank.  Subtract  the  computed 
space-averaged  mean  tooth  surface  from 
each  measured  tooth  flank  of  both  the 
before  and  the  after  heat-treatment 
measurements.  Then  subtract  the 
resulting  before-heat-treatment  measure¬ 
ment  from  the  resulti  ng  after-heat- 
treatment  measurement,  on  a  point-by- 
poi  nt  basi  s,  to  obtai  n  the  heat-treatment 
distortion  of  that  tooth  surface,  with  the 
tooth-spacing  error  contribution,  as 
defined  by  reference  7,  having  been 
removed .  Itwasdecidedto  remove  th  i  s 
tooth-spaci  ng  error  contri  buti  on  because 
tooth-spaci  ng  errors  affect  the  transmi  s- 
sion  error  and  noise  very  differently  from 
all  other  types  of  errors;  moreover,  its 
inclusion  would  make  the  above- 
described  statistical  properties  much 
more  difficult  to  interpret. 

I  n  carryi  ng  out  the  above- 
descri  bed  measurements,  it  was  very 
importantto  retain  the  identity  and 
"exact”  location  of  every  measurement 
point.  In  particular,  the  individual  gears 
and  the  individual  teeth  on  each  gear  had 
to  beidentified  so  that  the  same  point 
could  beidentified  and  measured  both 
before  and  after  heat  treatment. 

In  addition  to  the  steps 
described  above,  several  nontrivial 
procedures  were  developed  and  utilized 
to  ensure  that  the  maxi  mum  possi  bl  e 
consistency  and  accuracy  would  be 
obtained  during  the  actual  measurements 
and  computer  analyses  of  the  measure¬ 
ments.  This  care  was  considered 
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essential  because  the  heat-treatment 
distortion  obtained  at  each  measurement 
location  contains  measurement  errors 
from  both  the  before  and  the  after  heat- 
treatment  measurements. 

After  the  heat-treatment 
d  i  storti  ons  at  the  above-descri  bed 
measurement  locations  were  computed 
for  both  flanks  of  every  tooth,  the 
stati sti  cal  metri cs  of  heat-treatment 
distortion  described  in  the  preceding 
section  were  computed.  These  computa¬ 
tions  provi  ded  the  stati  sti  cal  properti  es  at 
the  11 1  ocati  ons  of  the  prof i  I  e  measu  re- 
ments  made  on  both  flanks  of  every 
tooth.  Polynomial  interpolation  between 
the  properti  es  at  these  I  ocati  ons  provi  ded 
the  stati  sti  cal  metri  cs  of  heat-treatment 
d  i  storti  on  i  1 1  u  strated  bel  o w. 


Figure  2.  Class-average  heat-treatment  distortion  of  right  flank  of  helical  pinion  teeth.  Average  formed  from 
distortions  of  400  teeth  (20  pinions  each  with  20  teeth). 


Application  and 
Discussion  of  Results 

Shown  below  are  displays  of  the  five 
stati  sti  cal  metri  cs  I  i  sted  i  n  Tabl  e  1, 
measured  as  described  above  on  the  right 
f I  anks  of  a  col  I  ecti  on  of  20  nomi  nal  I  y-l  i  ke 
helical  pinions,  each  pinion  having 20 
teeth.  All  20  pinions  were  heat  treated  in 
the  same  batch.  The  five  displays  are 
shown  in  the  same  order  as  listed  in 
Tablel.  By  recalling  that  measurements 
are  required  both  before  and  after  heat- 
treatment,  we  note  that  a  total  of  2  x  11  x  20 


x 20  =  8,800  individual  profilescanning 
measurements  were  utilized  in  generating 
the  results  shown  in  Figures  2  through  6. 

Each  of  these  figures 
displays  a  pi  ot  of  the  rel  evant  stati  sti  cal 
metri  c  as  a  functi  on  of  face  (axi  al ) 
location  and  roll  angle.  Thus,  values  are 
presented  for  al  I  locations  on  the  right 
flank  of  the  pinions.  Moreover,  all 
stati  sti  cal  metri  cs  are  presented  i  n 
microinches  (inches x  10'6)  thereby 
facilitating  ease  in  interpretation.  The 
upper  and  lower  heights  of  each  coordi¬ 
nate  box  shown  in  Figures  2  through  6 


are  determi  ned  by  the  maxi  mum  and 
minimum  values  of  the  statistical  metric 
plotted  in  each  figure,  thereby  allowing 
quick  assessment  of  the  range  of  val  ues 
shown. 

F  i  gu  re  2  d  i  spl  ays  the  cl  ass- 
average  ri  ght-f  I  an  k  d  i  storti  on ,  obtai  ned 
by  formi  ng  the  average  of  the  ri  ght-fl  an  k 
d  i  storti  ons  from  al  I  400  teeth  of  the  20 
pinions.  Theminimum and  maximum 
average  d  i  storti  on  val  ues  are  mi  nus  853 
and  pi  us  374  microinches,  respectively, 
yielding  a  total  distortion  range  of  1,227 
microinches  =1.227  x  10'3  inches.  This 
quantity  is  comparable  to  the  elastic 
deformati  on  of  the  tooth  of  a  ful  I  y  I  oaded 
steel  gear.  The  behavi or  of  F  i gure  2 
supports  our  use  of  more  closely  spaced 
profile  measurements  near  the  two  ends 
of  the  teeth  (especially  the  left  end).  The 
helix  angle  on  these  helical  pinions  is 
approximately  27  degrees.  The  overall 
distortion  shown  in  Fi gure 2  effectively 
tends  to  "unwind  the  helix,"  a  well- 
known  effect  of  the  heat-treatment 
distortion  of  helical  gears. 

F  i  gu  re  3  d  i  spl  ays  the  tooth- 
to-tooth  variabi  I  ity  of  the  heat-treatment 
distortion,  obtained  by  forming  the 
standard  deviation  of  the  tooth  distor¬ 
tions  utilizing  measurements  made  on 
the  ri  ght  f  I  an  k  of  al  I  400  teeth  of  the 
series.  The  maximum  standard  deviation 


Figure  I.  Polynominal  interpolation  between  I  I  profiles  measured  at  the  locations  of  the  zeros  of  an 
eleventh-degree  Legendre  polynominal  (after  normalization  of  the  domain  of  definition). 
Measurements  were  made  on  the  left  flank  of  a  helical  pinion  tooth  finished  by  shaving. 
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Figure  3.  Class-average  tooth-to-tooth  variability  of  heat-treatment  distortion  of  right  flank  of  helical  pinion 
teeth.  Metric  of  variability  is  standard  deviation  of  distortion  formed  from  distortions  of  same  400 
teeth  as  in  Figure  I . 


Figure  4.  Ninety-five  percent  confidence  limit  for  error  in  class-average  heat-treatment  distortion  exhibited 
in  Figure  2.  All  20  pinions  were  heat  treated  in  the  same  batch. 


values  shown  in  Figure  3  are  about  300 
microinches,  which  occur  at  tooth 
corners  that  exhibit  relatively  modest 
average  d  i  storti  ons,  as  can  be  seen  by 
comparing  Figures  2  and  3.  Recalling 
that  one  can  expect  both  negative  and 
posi  ti  ve  typical  vari  ati  ons  of  one  stan¬ 
dard  deviation  about  the  average  value, 
we  can  expect  the  mi  nus  to  pi  us  one 
standard  deviation  range  of  the  two  300 
microinch  corners  shown  in  Figure  3  to 


be  about  600  microinches,  with  the 
excursions  of  some  teeth  well  beyond 
these  limits.  Thus,  in  these  two  corners 
of  the  tooth  flanks,  the  full  tooth-to-tooth 
variability  in  heat-treatment  distortion  is 
comparabl  e  to  the  average  d  i  storti  on 
values  shown  in  Figure  2.  The  tooth-to- 
tooth  variability  shown  in  Figure3  is 
sufficient  to  cause  significant  pinion 
transmission  error  and  noise  contribu- 
ti  ons  from  the  rotati  onal  harmon  i  cs  (so- 


called  sidebands)  surrounding thetooth- 
meshing  harmonics. 

Fi  gure  4  d  i  spl  ays  the  95 
percent confidencelimitforthe error  in 
the  cl  ass-average  d  i  storti  on  of  the  teeth 
shown  in  Figure  2.  We  observe  in  Figure 
4  a  maxi  mu  m  val  u  e  of  on  I  y  si  i  ghtl  y  over 
20  microinches,  with  typical  values  of 
about  10  microinches.  This  calculation 
was  carried  out  using  the  standard 
deviation  of  the  20  average  distortion 
surfaces,  one  such  average  distortion 
surface  computed  from  each  of  the  20 
pinions  used  in  the  study,  together  with 
"student's  t"  statistics.8  The  results 
shown  i  n  F  i  gure  4  establ  i  sh  that  the 
cl  ass-average  distortion  surface  shown  in 
Figure2  is  correct  to  within  about  20 
microinches,  which  isa  negligible  fraction 
of  the  distortion  values  shown  in  Figure  2. 

Figures  5  and  6  characterize 
the  pinion-to-pi  nion  variabi  I  ity  of  the 
statistical  metrics  shown  in  Figures  2  and 
3,  respecti  vel  y.  I  n  parti  cu  I  ar,  F  i  gu  re  5 
displays  the  typical  pinion-to-pi  nion 
vari  abi  I  ity  of  the  20  average  d  i  storti  on 
surfaces  computed  from  the  individual 
pinions,  one  average  distortion  surface 
computed  from  the  right-hand  flanks  of 
the 20  teeth  on  each  pinion.  The 
maximum  standard  deviation  value 
shown  in  Figure  5  is  about  45  micro¬ 
inches,  whereas  typical  values  shown  in 
Figure  5  are  of  the  order  of  25  micro¬ 
inches.  These  val  ues  are  a  very  smal  I 
fracti  on  of  the  cl  ass-average  d  i  storti  on 
values  shown  in  Figure  2.  The  transmis¬ 
sion  error  and  gear  noise  implication  of 
this  result  is  that  there  would  be  rela¬ 
tively  little  pinion-to-pinion  variability  in 
the  tooth-meshing  harmonics  of  the 
transmission  error  and  noise  caused  by 
pinions  within  the  series  of  pinions  heat- 
treated  and  measured  in  this  study. 
Flowever,  it  needs  to  be  emphasized  that 
al  I  20  of  these  pi  n  i  ons  were  heat-treated 
within  thesame batch.  Thus,  any 
potential  batch -to-batch  source  of 
variability  in  the  heat-treatment  process 
is  not  included  in  the  surprisingly  small 
variability  shown  in  Figure 5. 

The  pinion-to-pinion 
vari  abi  I  ity  of  the  tooth-to-tooth  vari  abi  I  ity 
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individual  pinions.  Metric  of  variability  is  standard  deviation  of  the  20  average  distortion  surfaces, 
one  from  each  pinion. 


Figure  6.  Class-average  pinon-to-pinion  variability  of  variability  of  heat-treatment  distortions  of  teeth  within 
individual  pinions.  Metric  of  variability  may  be  interpreted  as  pinion-to-pinion  standard  deviation 
of  the  tooth-to-tooth  standard  deviations  of  distortion  surfaces  within  the  individual  pinions. 
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of  the  heat-treatment  d  i  storti  on  w i  th i  n 
the  individual  pinions  is  shown  in  Figure 

6.  Compari  son  of  F  i  gu  res  6  and  3  i  s  i  n 
stark  contrast  to  the  comparison  of 
Figures  5  and  2.  In  Figure  6,  we  observe 
a  maximum  pinion-to-pinion  variability 
of  slightly  over  175  microinches,  which 
i  s  more  than  58  percent  of  the  300 


microinch  variability  at  the  same  corner 
of  the  teeth  shown  in  Figure  3.  This 
result  suggests  that  there  would  be 
substantial  pinion-to-pinion  variability  in 
the  "total  energy"  in  the  rotational 
harmonics  (so-called  sideband  harmon¬ 
ics)  around  the  tooth-meshing  harmonics 
of  the  transmission  error,  which  would 
result  in  potentially  significant  pinion-to- 
pinion  variability  in  the  transmission 


error  and  noi se  generated  by  the  pi  n i ons 
studied  herein. 

Our  decision  to  delve  into 
the  stati  sti  cal  properti  es  of  heat-treat¬ 
ment  distortion  appears  to  have  been 
fully  justi tied.  Inquiries  pertaining  to  the 
methodology  and  results  described 
herei  n  may  be  addressed  to  the  authors. 
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INSTITUTE  NOTES 


MS&AMPI'sTom  Schriempf  (left)  and  Henry  Watson 
(right)  pause  for  photo  in  front  ofV-22  aircraft  with 
Yvette  Bose,  a  PMA-275  project  engineer. 


Six-inch,  four-square  test  rig. 


MS&AMPI  Participates  in  DMC  ’97 

Members  of  MS&AM  PI  participated  recently  in  the  annual  Defense  Manufacturing 
Conference  which  was  held  in  Palm  Springs,  California.  Leaders  from  government, 
industry,  and  academia  assembled  to  exchange  perspectives  and  information  about 
manufacturing  technology  and  industrial  modernization. 

This  year's  theme,  "Building  Partnerships  for  the  21st  Century,"  setthe 
forum  for  discussion  about  DoD  initiatives  for  increasing  manufacturing  capability, 
improving  sustainment  efficiency,  and  assuring  domestic  technology  transfer.  The 
agenda  provided  an  executive  overview  of  the  scope  and  level  of  manufacturing  and 
sustainment  programs,  followed  by  technical  discussions  of  the  various  initiatives 
and  technology  thrusts  currently  being  pursued.  Keynote  speakers  included  the 
Honorable  Arthur  L.  Money,  assistant  secretary  of  the  Air  Force  for  acquisition,  Mr. 
James  O'Neill,  president,  government  solutions,  LucentTechnologies,  and  Dr.  Renso 
L.  Caporali,  senior  vice  president  for  engineering  and  business  development, 

Raytheon  Company. 

The  fol  I  ow  i  ng  M  S&A  M  P I  staff  members  presented  papers  or  parti  ci  - 
pated  in  poster  sessions:  Mr.  Michael  Yukish:  "Advanced  Simulation  and  Modeling 
for  Fast,  Affordable  Manufacturing,"  Dr.  Maurice  A  mateau:  "Joint  Strike  Fighter 
Engi ne Components  Produced  through  Spray  Metal  Forming,"  Dr.  Paul  Kurtz: 
"Upgrading  an  Existing  Electronic  Warfare  System  Using  Modern  Technologies  and 
Manufacturing  Processes  -  A  Case  Study,"  Dr.  Albert  Segal  I :  "Development  of  a 
Laminated  Ceramic  Composite  Manufacturing  Method  for  Light-Wei^nt  Armor,"  and  Dr. 
Ram  Bhagat:  "Improved  Producibility  and  Performanceof  F-107 Compressors Throu^i  the 
Use  of  F  i  ni  shi  ng  PI  asma  Coati  ng  (Si  -O-C)  on  Cutti  ng  Tool  s." 

This  year's  DMC  meeting  is  scheduled  to  beheld  in  New  Orleans  from 
30  November  through  3  December. 

Staff  Visits  Naval  Air  Systems  Command 

MS&AMPI  staff  members  recently  visited  the  Naval  A  i  r  Systems  Command  (NAVAIR) 
headquarters  at  Patuxent  River,  Maryland  at  the  invitation  of  Colonel  Nolan  Schmidt 
USMC,  program  manager  for  the  V-22  Osprey  (PMA-275).  The  visit  provided  an 
opportunity  to  present  an  overview  of  the  technological  capabilities  resident  within 
the  institute  at  A  RL  Penn  State  to  key  project  engineers  within  NAVAIR.  A  highlight 
of  the  visit  included  a  tour  of  the  V-22  manned  flight  simulator  as  well  as  an  up-close 
look  at  the  ai rcraft  itself.  Low-rate  initial  production  (LRIP)  of  the  ai rcraft  has  begun. 
Flight  test  evaluation  of  the  V-22  is  currently  underway  at  Pax  River.  Initial  operations 
capability  (IOC)  for  the  Marine  Corps'  MV-22B  is  targeted  for  year  2001. 

Sikorsky  Test  Rig  Ready  for  Action 

A  two-year  refurbishment  effort  on  a  six-inch,  four-square  150-horsepower  gear  test 
rig  donated  by  Sikorsky  Aircraft  Corporation  has  been  completed.  The  rig  is  now 
ready  to  conduct  critical  testing  associated  with  MS&AMPI's  Navy  MANTECH 
ausform  finishing  program.  The  rig  will  bean  integral  part  of  the  project's  phase  1 1 
performance  evaluation  effort.  MS&AMPI  greatly  appreciates  the  support  Sikorsky 
A i  rcraft  Corporati on  conti  nues  to  provi de.  F or  more  i  nformati on  on  the  ausform 
finishing  program,  contact  Dr.  Nagesh  Sonti,  project  leader,  at  (814)  865-6283  or  by  e- 
mail  at:  nxs7@psu.edu 
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Dr. Tom  Schriempf,  head  of  MS&AMPI’s  High  Energy 
Processing  Department  discusses  laser  cladding  of  an 
industrial  chrome  plating  replacement  components 
effort  for  MANTECH  with  Dr  Davis  (2nd  from 
right)  and  fellow  DR&E  team  members. 


Dr.  Bard  demonstrates  portable  field  application 
capability  of  shearography  head  on  AV-8  Harrier 
jump  jet. 


Deputy  Director,  Defense  Research  &  Engineering 
Visits  MS&AMPI 

Dr.  Lance  Davis,  deputy  di  rector,  DR&E,  recently  visited  ARL  Penn  State  as  part  of  a 
capabilities  overview  briefing  of  MANTECH  programs.  Dr.  Davis  is  also  director  of 
laboratory  management  and  technology  transfer.  Dr.  Davis  and  members  of  his  visiting 
team  were  briefed  on  various  on-going  projects  at  ARL  Penn  State.  A  tour  of  facilities 
fol  I  owed .  The  offi  ce  of  the  Di  rector  of  Defense  Research  and  Engi  neeri  ng  i  s  tasked 
with  strengthening  the  strategic  planning  and  assessment  processes  critical  to  improv¬ 
ing  thescience  and  technology  (S&T)  community's  responsiveness  to  their  warfighting 
and  acquisition  customers. 

MS&AMPI  on  the  World  Wide  Web 

MS&AMPI  is  now  on  the  Web.  Please  check  us  out  at:  www.arl.psu.edu/ core' 
ms&ampi.html.  Changes  are  regularly  being  made,  so  please  don't  give  up  trying  to 
reach  the  site  if  it  is  noted  as  being  off-line.  Wewill  welcome  your  comments  on  how 
we  can  fine-tune  the  site  to  better  serve  you. 

Shearography  Project  Leader  Visits  NADEP 
Cherry  Point 

Dr.  Ben  Bard  recentl  y  vi  si  ted  the  N  aval  Avi  ati  on  Depot  at  M  ari  ne  Corps  A  i  r  Stati  on 
Cherry  Point  (North  Carolina).  The  purpose  of  the  visit  was  to  demonstrate  progress 
on  his  Navy  repair  technology  (REPTECH)  shearography  project.  Shearography  is  an 
opti cal  i nterferometri c  tech ni que  capabl e  of  measuri ng  smal  I  out-of-pl ane  di spl ace- 
ments.  Thistechnique  will  permit/nsffu  inspection  of  aging  aircraft  condition, 
impact  damage,  and  operationally  induced  damage  from  extreme  loading  conditions 
on  both  fixed  and  rotary  wing  aircraft.  For  more  information  on  this  project,  contact 
Dr.  Bard  at  (814)  865-1870,  or  by  e-mail  at:  babl32@psu.edu 

Singh  Earns  R&D  1 00  Award 

An  ARL  researcher  who  created  a  novel  materials  processing  technique  with  a  $30 
blender  and  a  laser  beam  has  received  an  R&D  100  award.  The  award,  given  by 
R&D  Magazine,  recognizes  the  world's  most  technological  I y  significant  process 
developments.  Jogender  Singh,  a  senior  research  associate  in  the  High  Energy  Process- 
i  ng  Department  and  associ  ate  professor  of  materi  al  s  sci  ence  and  engi  neeri  ng,  was 
recently  honored  by  the  magazine  for  his  research  in  the  processing  of  nanoparticles 
and  nanotubes  by  a  novel  laser-liquid  interaction  technique. 

The  R&D  100  award  is  an  i  nternational  competition  to  select  and 
recognize  100  scientists  per  year  for  their  new  discoveries  or  invention  of  a  new 
product.  This  year  marks  the  fi  rst  ti  me  a  Penn  State  researcher  has  been  recognized  by 
the  international  judging  committee  set  up  by  R&D  Magazine.  Three  years  ago,  Singh, 
whose  background  isin  materials  engineering,  began  exploring  laser-liquid  interac¬ 
tions.  He  bought  a  $30  blender  from  a  local  department  store  and  modified  its  blades 
by  flattening  them.  Then,  at  ARL's  laser  laboratory,  the  blender  was  filled  with  a  liquid 
solution  and  asolid  substratewas  immersed  into  it.  As  the  blades  rotated  atacertain 
speed,  a  laser  beam  penetrated  the  liquid  surface  and  irradiated  the  substrate.  The 
thermal  energy  absorbed  by  the  substrate  led  to  the  production  of  nanoparticles. 
Afterwards,  Singh  submitted  a  grant  proposal  to  the  Army,  which  has  been  supporting 
this  work  ever  since.  Dr.  Singh  credits  initial  U.S.  Navy  MANTECH  project  efforts 
with  opening  the  door  to  discoveri  ng  this  processing  technique.  Congratulations  Dr. 
Singh.  For  more  information  on  Dr.  Singh's  project,  check  out  "Success  Stories”  on 
ARL  Penn  State's  home  page  Web  site— http://www.arl.psu.edu 
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NIST  ATP  Project 

The  M&M  QC  9000  ma¬ 
chine  has  three  orthogonal  linear  axes 
and  a  rotary  axis.  A  detailed  mathemati¬ 
cal  representation  of  the  kinematic 
rel  ati  on  sh  i  ps  between  errors  i  n  the  th  ree 
I  i  near  axes  and  the  measurement  probe 
errors  was  developed  by  M  r.  Rajiv  Dama, 
a  Penn  State  mechanical  engineering 
Ph.D.  candidate  working  under  the 
supervision  of  Dr.  William  D.  Mark  of  the 
Drivetrain  Center.  Using  this  mathemati¬ 
cal  model,  kinematic  errors  in  the  six 
degrees  of  freedom  of  each  of  the  three 
I  i  near  axes,  as  a  functi  on  of  the  probe 
saddle  position  along  each  of  these  axes, 
together  with  the  three  out-of-squareness 
errors  of  these  three  axes,  were  math- 
emati  cal  I  y  rel  ated  to  the  three  orthogonal 


Air  Vehicle  Technology  Group  Formed 

Within  ARL  and  MS&AMPI,  an  Air  Vehicle  Technology  Group  (AVTG)  has  been 
formed  to  address  specific  weapons  system  platform  issues  relevant  to  fixed  and 
rotary  wing  aircraft.  This  group  will  i ntegrate  areas  of  expertise  within  ARL  to 
facilitate  reductions  in  aircraft  life  cycle  costs,  empty-weight/ gross-weight  ratio,  and 
vibration  and  interior  noise.  Efforts  will  alsofacilitateincreasesin  payload/gross- 
weight  ratio,  mission  range,  survivability,  and  operational  availability.  These  improve¬ 
ments  are  made  more  affordable  due  to  significant  reductions  in  labor  costs,  and 
operating  and  support  costs.  Mr.  LewisC.  Watt  will  manage  the  efforts  of  thisgroup 
with  support  from  Al  Lemanski,  Gregjohnson,  and  Ron  Madrid.  For  a  detailed  AVTG 
brochure,  contact  Gregjohnson  at  (814)  865-8207  or  by  e-mai  I  at:  gjjl@psu.edu 


Integration  of  advanced  materials,  manufacturing  processes,  tooling  and  fixturing  will  facilitate  reduction  in:  life-cycle  costs,  empty-weight/gross-weight 
ratio,  vibration  and  interior  noise.  These  efforts  will  also  facilitate  increases  in:  payload/gross  weight  ratio,  mission  range,  survivability,  and  operational 
availability.  All  improvements  are  made  more  affordable  due  to  significant  reductions  in  labor  and  operating  and  support  (0&S)  costs. 


Drive  Sqstem  Technologies 

©  Advanced  gear  and  bearing  steels 
©  Laser  fabricated  housings 
©  Laser  probe  workpiece  positioning 
©  Ausform  finished  gears  and  bearings 
©  Intelligent  noncontact  measurement  of 
spiral  bevel  and  face  gears 
©  Gear  noise  control 
©  Design  for  power  density 


©  Photon-based  cleaning 
of  CBR  agents 
Laser-based  cleaning 
of  CBR  agents 


HotorSqstem  fechnoloqies 

©  Rotor  blade  NDI  (finds 
delamination) 

©  Control  of  radiated 
sound  power 


Repair  Technoloqq 

©  NDI  technologies 
(shearography) 

©  Coating  application 
and  removal 
©  Component  repair 
methods 


Rirframe  Sqstem  Technoloqies 

©  Laser  fabricated  flooring 
©  Composite  sandwich  panels  for 
noise  control 

©  Spray  formed  HS  aluminum  alloys 
©  Protective  armor 


Pouiertrain  fechnoloqies 

©  Performance  prediction 
©  Rapid  prototyping 
©  Drive  shaft  laser  balancing 
©  Condition  monitoring 
©  Wear-resistant  coatings  via  cold 
gas  dynamic  spraying  &?  EB-PVD 
©  Spray-formed  HT  aluminum  alloys 
©  Localized  laser  HT  and  cladding 
for  wear  and  corrosion  resistance 


SiqnaCure  Reduction  TecMoqies 

©  Composite  thermal  tiles 
©  Radar  cross-section  reduction 
©  Acoustics 


Health  Usaqe  Monitorinq  Sqstem  Technoloqies 

©  Condition-Based  Maintenance 
©  Distributed  diagnostic  system  architectures 
©  Laser  cladding  ©  Embedded  engine  predictive  diagnostics 

©  Spray  formed  HS  aluminum  alloys  ©  MMI  for  troubleshooting  and  diagnostics 


Landinq  Gear  Sqstem  Technoloqies 


components  of  the  probe  position  errors. 
Comprehensive  laser  and  straightedge 
measurements  of  the  individual  axisand 
out-of-squareness  errors  then  were 
performed  by  Penn  State  and  M&M  on 
theQC  9000  machine,  from  which  the 
probe  position  errors  were  computed 
using  the  mathematical  model.  Utilizing 
this  information,  corrections  to  the  probe 
position  are  made,  which  are  a  function 
of  the  probe  saddle  location  on  each  of 
the  three  linear  axes.  A  comprehensive 
set  of  laser  measurements  then  was  made 
to  verify  the  corrected  probe  positions. 

A  uniqueset  of  gear-like 
artifacts  was  developed  by  Dr.  Mark  for 
usein  measuring  the  rotary-axis  errors  of 
theQC  9000  machine.  Using  a  circle¬ 
closing  principle,  these  artifacts  were 
used  to  very  accuratel  y  cal  i  brate  the  QC 

1 1 


9000  rotary-axis  errors,  and  these 
cal  i  brati ons  then  were  i  ncorporated  i  nto 
the  overal  I  four-axi s  set  of  error  correc- 
tions.  In  addition,  a  thermal  distortion 
model  of  the  QC  9000  mach  i  ne  was 
devel  oped  by  M  r.  J  ames  T.  M  oore  of  Penn 
State,  and  first-order  corrections  to  errors 
i  nd  u  ced  by  temperatu  re  grad  i  ents  w  i  th  i  n 
the  machine  were  provided. 

The  i  mprovements  i  n  the 
mechanical  design  and  controls  features 
of  the  M  &M  QC  9000  machi  ne,  together 
with  the  accuracy  enhancements 
provided  by  the  above-described  software 
error  corrections,  have  resulted  in  what  is 
probabl  y  the  most  accu  rate  system  i  n  the 
world  dedicated  to  the  submicron- 
accuracy  inspection  of  gears. 
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CALENDAR  OF  EVENTS 


17  Mar 

PSU/A  SM  1  nternati  onal  Speaker  Seri  esonAluminumAII  oys  for  A  utomoti  ve  A  ppl  i  cati  ons 

University  Park,  PA 

1 9-22  Mar 

Convergent  Energy  Focal  Spot  Users  Seminar 

Orlando,  FL 

30  Mar-1  Apr 

Applications  of  Lasers  in  Manufacturing  Conference 

Minneapolis,  MN 

30  Mar-2  Apr 

52nd  Manufacturing  Society  for  Machinery  Failure  Prevention 

Virginia  Beach,  VA 

31  Mar-2  Apr 

Navy  League  Sea,  Air,  Space  Maritime  Expo  '98 

Washington  DC 

2 1-22  Apr 

American  MeasuringTool  Manufacturer's  Association  Quality  Expo 

Chicago,  IL 

24  Apr 

PSU/A  SM  International  Speaker  Series  on  Metals  into  the  21st  Century 

University  Park,  PA 

30  Apr-2  May 

Manufacturers  Alliance,  Council  on  Engineering  and  Technology 

Ojai,  CA 

4-6  May 

National  Defense  Industrial  Association's  VehicleTechnology  Meeting 

Dearborn,  Ml 

20-22  May 

AHS  Forum  54 

Washington  DC 

10-1 1  jun 

EB-PVD  Workshop  at  ARL  Penn  State 

University  Park,  PA 

13-17  Jul 

TMS  3rd  Pacific  Rim  International  Conference  on  Advanced  Materialsand  Processing 

Honolulu,  HI 

21-23  jun 

International  Conference  on  Agile  Manufacturing  '98 

Minneapolis,  MN 

23-25  Jun 

International  Conference  on  Semi-Solid  Processing  of  A  Hoys  and  Composites 

Golden,  CO 

10-14  Aug 

Penn  State  Rotary  Wing  Technology  Short  Course 

University  Park,  PA 

22-24  Sep 

MarineCorps  League  Force  in  Readiness  Expo 

Quantico,  VA 

12-15  Oct 

ASM/TMS  Materials  Week 

Rosemont,  1 L 

16-19  Nov 

LIA  International  Congress  on  Applications  of  Lasers  and  Electro-Optics  (ICA LEO  '98) 

Orlando,  FL 

30  Nov-3  Dec 

Defense  Manufacturing  Conference  '98 

New  Orleans,  LA 

“A  competitive  world  has  two  possibilities  for  you.  You  can  lose.  Or,  if  you  want  to  win,  you  can  change.”  —  economist  Lester  Thurow 
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